The bacterial envelope is the interface with the surrounding environment and is consequently subjected to a barrage of noxious agents including a range of compounds with antimicrobial activity. The ESR (envelope stress response) pathways of enteric bacteria are critical for maintenance of the envelope against these antimicrobial agents. In the present study, we demonstrate that the periplasmic protein ZraP contributes to envelope homoeostasis and assign both chaperone and regulatory function to ZraP from Salmonella Typhimurium. The ZraP chaperone mechanism is catalytic and independent of ATP; the chaperone activity is dependent on the presence of zinc, which is shown to be responsible for the stabilization of an oligomeric ZraP complex.
INTRODUCTION
Integration of environmental signals into transcriptional networks is critical for bacterial adaptation, but the mechanisms to accomplish this are complex. In Gram-negative bacteria, the message needs to be transduced across two membranes as well as the periplasm before reaching the cytoplasm where transcription is initiated. Environments or stresses which cause damage to the outer membrane, disrupting periplasmic homoeostasis, leads to induction of the ESR (envelope stress response). The response to envelope damage through the ESR often results in an increase in transcription of chaperones, proteases or isomerases, to repair or replace the damage caused. The ESR of Salmonella Typhimurium and related bacterial species includes at least five partially overlapping pathways that are regulated by the alternative sigma factor σ E (RpoE), the two-component systems BaeSR and CpxRA, the Rcs phosphorelay system and the phage shock response [1] .
CpxARP provides an intriguing model system for how environmental signal integration occurs. CpxAR is a twocomponent regulatory system important for responding to a number of environmental conditions that disrupt the envelope of Gram-negative bacteria (for a review see [1] ). CpxP was identified as a CpxR-regulated gene in a global screen for CpxRregulated loci and combats the toxicity of envelope protein overproduction [2] . Overexpression of CpxP prevents activation of the Cpx pathway, and this inhibitory mechanism is dependent on the presence of the histidine kinase CpxA [3] . Evidence for direct binding of CpxP to CpxA has now been elucidated [4] although previously suggested by protein engineering, with only an N-terminal domain required for Cpx inhibition [5] . CpxP is a periplasmic adaptor protein with dual inhibitory and weak chaperone functions [6, 7] . During envelope damaging conditions, CpxP is titrated away from CpxA by misfolded proteins such as PapE and presents these to the periplasmic protease DegP for proteolysis [3, 8] . In 2011, two independent studies solved the protein structure of CpxP, which forms an antiparallel dimer [9, 10] . Zhou et al. [10] also present direct biochemical evidence for CpxP chaperone activity; CpxP prevents aggregation of denatured citrate synthase but cannot recover activity of the denatured protein.
Enteric bacteria such as Escherichia coli and Salmonella also possess CpxP family homologues, which include Spy and ZraP, although the protein sequence identity between ZraP and Spy, and ZraP and CpxP is only 13 and 12 % respectively. Spy is a periplasmic protein, first identified as an abundant protein in spheroplasts [11] and co-regulated by two ESR pathways, CpxAR and a second two-component regulator BaeSR [12] . The precise physiological function of Spy remains unknown; however, in two independent studies, the protein structure of Spy has been solved and closely resembles that of CpxP; it forms a stable dimer with N-and C-terminal LTXXQ motifs [13, 14] . Through a series of elegant experiments, Quan et al. [14] have shown that Spy functions as an ATP-independent chaperone, but unlike CpxP does not appear to have a regulatory role.
ZraP contains two zinc-binding domains and specifically binds zinc over related metals [15] . In this first paper assigning a physiological role to ZraP, the authors propose that this protein is involved in zinc homoeostasis and that the periplasmic Cterminal domain facilitates modulation of zinc transporters such as ZntA [15] . The zinc-responsive two-component regulator, ZraSR (HydH/G) regulates zraP [16] , with expression of zraP also dependent on RpoN (σ 54 ) [16] . So far, no functional characterization of ZraP has been performed.
In a recent study characterizing the role of BaeSR in the response to heavy metal stress [17] , we observed that loss of BaeR in response to tungstate resulted in up-regulation of ZraP and ZraSR. In the present study, we have shown for the first time that ZraP is a periplasmic zinc-dependent chaperone and contributes to the regulation of the two-component system ZraSR.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Bacterial strains and plasmids used in the present study are described in Table 1 . LB (Luria-Bertani) or LB agar plates were complemented with the appropriate antibiotic at the concentrations of 50 μg/ml kanamycin, 20 μg/ml chloramphenicol, 100 μg/ml ampicillin and 5 μg/ml tetracycline. For transcription profiling, cells were grown in LB medium to a D 600 of 1 with or without 2 mM indole.
Plasmid construction
The zraP and spy genes were PCR-amplified from Salmonella Typhimurium SL1344 genomic DNA using the primers listed in Table 2 . The PCR products were digested, ligated into the pBAD/Myc-His and transformed into E. coli strain TOP10 (Invitrogen) by electroporation. The resulting plasmids were confirmed by sequencing and are shown in Table 1 .
Construction of deletion mutants
The entire structural genes were replaced by PCR-generated antibiotic-resistance cassettes using the Lambda Red recombination system [18] . Recombinants were selected for antibiotic resistance and verified by analytical PCR. All deletions were subsequently transduced with P22-phage into a clean background [19] . For some mutants, the antibiotic gene was removed using the pCP20 plasmid [18, 20] .
Construction of ZraR-His 6
The C-terminal tagging of ZraR with the His 6 epitope was performed using a modified Lambda Red method [21] . The DNA fragment to be recombined into the chromosome was PCRamplified from the pSUB7 plasmid. The successful fusion of ZraR with the His 6 epitope was confirmed by PCR and Western blotting. The primers used to generate this construct are shown in Table 2 .
Western blot analysis
Equal amounts of protein from Salmonella Typhimurium cell extracts were separated by SDS/PAGE (15 % gel) using a Mini Protean 3 electrophoresis system (Bio-Rad) according to the manufacturer's instructions. For immunoblotting, samples were transferred on to nitrocellulose Biodyne A membranes (Pall Corporation) using a Mini Trans-Blot Electrophoretic cell (BioRad) according to the manufacturer's instructions. The proteins were fixed with methanol and the membranes were blocked with 5 % (w/v) non-fat dried skimmed milk powder. Immobilized protein was detected using monoclonal His 6 HRP (horseradish peroxidase)-conjugated antibody (1:5000 dilution). His 6 -tagged ZraR was detected using a luminol-based chemiluminescent detection system (Qiagen).
Protein purification E. coli TOP10 pSpyHis and pZraPHis were grown in LB medium with 50 μg/ml ampicillin to a D 600 of 0.5 before the addition of 0.002 % and 0.02 % arabinose respectively. After 4 h at 37
• C, the cells were harvested, resuspended in PBS containing a tablet of Complete TM protein inhibitor (Roche) and lysed by French press. After centrifugation, the His-tagged proteins were purified from the supernatant using a HisTrap HP column on anÄKTA FPLC (GE Healthcare).
RNA and DNA extraction and quantification
At the appropriate D 600 and before centrifugation, the cells were left on ice for a minimum of 30 min in a 1 % (v/v) phenol (pH 4.3), 20 % (v/v) ethanol solution to stabilize the mRNA [22] . Total RNAs were isolated using a SV Total RNA Isolation kit (Promega). Chromosomal DNA was isolated from strain Salmonella Typhimurium SL1344 using a Qiagen Genomic DNA isolation. DNA and RNA samples were quantified at A 260 and A 280 using a NanoDrop 2000c (Thermo Scientific). The quality of RNA samples were assessed by size chromatography on an Experion RNA StdSens Chip (Bio-Rad) using the Experion Automated Electrophoresis Station (Bio-Rad) according to the manufacturer's instructions.
Real-time RT (reverse transcription)-PCR
Total RNAs were first treated with Turbo DNAseFree TM from Ambion and the absence of DNA contamination was verified by PCR. Then 2 μg of DNAseI-treated total RNA was reverse-transcribed from random hexamers (Invitrogen) with the Superscript II TM RT (Invitrogen) according to the manufacturer's recommendations. Gene-specific primers (∼ 60
• C T m ) were designed to amplify an average product of 100 bp. The realtime PCR quantifications were realized on a 5-fold dilution of the total cDNA obtained, using the Bio-Rad CFX96 TM instrument and SensiMix TM SYBR No-ROX kit (Bioline). The real-time PCR experiments were performed in triplicate, with three independent total RNA preparations. The calculated C t (threshold cycle value) for each gene was normalized to the C t of the ampD gene, which expression is invariant across a large range of growth conditions.
Polymyxin B assays
Each strain was inoculated in fresh LB medium and grown to a D 600 of 0.1 at 37
• C. The cultures were challenged with polymyxin B (Sigma-Aldrich) at a final concentration of 4 μg/ml, incubated at 37
• C, 225 rev./min for 1 h and plated on LB plates. The percentage survival was calculated as follows: survival (%) = cfu (colony-forming units) of surviving cells/cfu of initially challenged cells.
Chaperone activity
The rate of thermal aggregation of MDH (malate dehydrogenase) was recorded as described previously [14] . MDH purified from pig heart mitochondria was added to a fluorescence cuvette containing 50 mM Hepes/NaOH, pH 7.5, pre-warmed to 43
• C. The final concentration of MDH was 213 nM and the rate of aggregation was monitored by light scattering at a λ excitation /λ emission of 360 nm with a CARY Eclipse fluorimeter equipped with a temperature controller. In addition to MDH, the cuvette contained either 0-198 nM Spy or ZraP, 0-10 μM ZnCl 2 or 250 μM EDTA.
MDH activity assays
Residual activity of MDH was measured through the NADH dehydrogenase activity of MDH using oxaloacetate as a substrate. Samples of 7 μM MDH in 50 mM Hepes, pH 7.4, alone or with the addition of 70 μM Spy or 70 μM ZraP with 1 mM ZnCl 2 were incubated at 45
• C for 3 h, then rested on ice for 10 min. Cuvettes with 1 ml of PBS at pH 7.4, 0.5 mM and 0.1 mM NADH were incubated at 25
• C and the absorbance was measured at 320 nm using a Hitachi U-3310 UV-visible spectrophotometer. The reaction was initiated by the addition of 2 μl of incubated MDH to the cuvette and the rate of decrease in absorbance was used to calculate the rate of NADH oxidation using an NADH absorbance coefficient of 6.22 mM
The initial rate was measured using 2 μl of a control sample containing 7 μM MDH that had not been incubated at 45
• C.
Sedimentation equilibrium
Sedimentation experiments were performed using a Beckman Optima XL-I equipped with absorbance optics. Samples of 30 μM ZraP containing 50 mM Tris/HCl, pH 7.5, 50 mM NaCl and either 10 mM EDTA, 10 mM MgCl 2 or 60 μM ZnCl 2 were centrifuged at 14 000 rev./min in an An50-Ti rotor. Absorbance was monitored at 280 nm and scans were recorded every 5 h to ensure that equilibrium was achieved. Once at equilibrium, a total of five scans for each sample were recorded. A single component model was used to fit the five scans of each sample using the program ULTRASCAN [23] . Individual scans were fitted separately to determine the S.D. of the fit. The partial specific volume of ZraP was estimated from the amino acid sequence as 0.712 ml/g and a monomeric molecular mass of 13.5 kDa was calculated from residues 27-151 predicted to remain after the removal of the signal peptide at amino acid position 26/27.
RESULTS
ZraP is an ATP-independent molecular chaperone
Chaperone activity of purified ZraP ( Figure 1A ) was determined under experimental conditions similar to those used for Spy [14] . Incubation of MDH at 43
• C causes an increase in light scattering over 20 min through non-specific thermal aggregation, with chaperone addition suppressing aggregation. The addition of 20 nM ZraP to 213 nM MDH suppressed the onset of light scattering for 7-10 min ( Figure 1B ) in a pattern similar to Spy. Spy and ZraP do not aggregate themselves under these conditions. These experiments show that purified ZraP can suppress thermal aggregation of proteins as effectively as Spy and does not require ATP to function as a chaperone.
ZraP is a Zn 2 + -dependent catalytic chaperone
As ZraP was originally identified as a potential zinc-dependent enzyme [15] , we hypothesized that its chaperone activity would (Figure 2A) . Addition of higher concentrations of ZnCl 2 did not significantly increase chaperone activity (results not shown).
Control experiments showed that the presence of Zn 2 + alone was not able to prevent aggregation of MDH ( Figure 2B ).
To determine whether the chaperone activity of ZraP is catalytic, we added MDH to ZraP at molar MDH/ZraP ratios of 9:1, 4:1 or 2:1 ( Figure 2B ). Even at sub-stoichiometric concentrations, ZraP is able to suppress the aggregation of MDH. ZraP chaperone activity is therefore catalytic and depends on a reversible interaction, which in the presence of Zn 2 + is more effective than higher concentrations of Spy. We also measured the ability of both Spy and ZraP to effectively protect enzyme activity of MDH from thermal denaturation, using the NADH dehydrogenase activity of MDH in the presence of oxaloacetate. After incubation of 7 μM MDH for 3 h at 45
• C, less than 2 % of the initial activity of MDH remained ( Figure 2C ). Addition of 66 μM Spy to MDH results in a 2-fold increase in MDH activity after thermal stress, whereas a 5-fold increase in remaining activity is observed in MDH samples containing 66 μM ZraP and 500 μM ZnCl 2 . These results show that, as well as preventing protein aggregation, ZraP is significantly (P < 0.05, Student's t test) more effective at protecting protein function than Spy.
ZraP forms a zinc-dependent higher-order structure
The X-ray crystal structure of ZraP was solved by the Center for Structural Genomics of Infectious Diseases and the co-ordinates are available from the RCSB Protein Data Bank (PDB code 3LAY). ZraP is revealed as a decameric structure within which the ZraP monomer is composed of two α-helices and residues 123-151 are disordered ( Figures 3A and 3B ). In CpxP (PDB code 3QZC), the residues 123-151 comprise a third α-helix ( Figure 3C) ; the position of this third helix in Spy (PDB code 3O39) and CpxP would interfere with the packing of a ZraPlike decameric conformation ( Figures 3C and 3D) . In addition to the disordered C-terminal residues the most significant structural differences between ZraP and the other two chaperones is midway through the N-terminal helix. This region is completely disordered in CpxP and Spy, in part due to Pro 71 and Pro 72 in CpxP and Pro 56 in Spy. In ZraP there is a kink in the helix due to a broken hydrogen bond between the carbonyl of Thr 61 and amide of Ser 64 . Thus the α-helical pair of ZraP appears more stable than the corresponding helical pair in Spy and CpxP. The common LTXXQ motif is structurally conserved at the top of the N-terminal helix in all three proteins whereas the LTPEQ motif common to Spy and CpxP, but absent in ZraP, is located in the hinge between the middle and C-terminal α-helixes. Surprisingly, on the basis of the previous study that shows that ZraP responds to zinc [15] , there is no evidence for any ordered Zn 2 + ions in the structure and the metal-binding prediction software TEMSP [24] would show a linear line where the gradient is proportional to the molecular mass of the single species. Figure 4 shows the sedimentation equilibrium profiles of 30 μM ZraP centrifuged at 15 800 g in the presence of 10 mM EDTA, 10 mM MgCl 2 or 60 μM ZnCl 2 . Fitting each absorbance profile to a single species gave an average molecular mass (M w av ) of 73 + − 1 kDa for ZraP incubated with 10 mM EDTA, and 92 + − 2 kDa for ZraP incubated with 10 mM MgCl 2 . The predicted mass of monomeric ZraP is 13.5 kDa, suggesting that in the presence of EDTA or MgCl 2 , the complex contains approximately 6 or 7 ZraP monomers. Incubation of 30 μM ZraP with 60 μM ZnCl 2 gave a sedimentation profile corresponding to a much larger species that could be fitted to a M W av of 202 + − 10 kDa, corresponding to an oligomer containing approximately 15 ZraP monomers. The quality of the fits to the data is demonstrated in the top panels of Figure 4 where the residual absorbance, calculated by subtracting the experimental data from the simulated fit, is displayed. From these experiments it is impossible to distinguish whether the sedimentation profile of ZnCl 2 -incubated ZraP corresponds to a single homogenous 15 ZraP multimer, or a heterogeneous mixture containing ZraP oligomers of 10 or 20 subunits. However, it is evident from these results that the presence of Zn 2 + increases the overall size of the ZraP oligomers.
Transcription of ZraP, Spy and CpxP are activated by indole
One of the conditions known to induce spy expression in E. coli is the addition of indole to the growth medium [12] . As well as being a bacterial signalling molecule at low levels, indole can act as a biological oxidant when present in the millimolar range. As Spy and ZraP also exhibit chaperone activity akin to CpxP, combined with structural homology and cellular location, we hypothesized that functional crossover between the CpxP family may have also evolved. To confirm indole regulation of spy and to evaluate the transcriptional response of cpxP and zraP to indole, qRT-PCRs (quantitative RT-PCRs) were performed using RNA extracted from Salmonella Typhimurium strain SL1344 exposed to 2 mM indole ( Figure 5 ). While spy and cpxP were both significantly (P < 0.001, Student's t test) induced 2-fold upon exposure to indole in the WT (wild-type) background, zraP was significantly (P < 0.001, Student's t test) induced ∼ 35-fold, indicating that while each of these periplasmic proteins is important for Salmonella to respond to indole, zraP is the most responsive to this agent. However, although expression is clearly induced by indole, mutations in any or all of the cpxP, spy and zraP genes in Salmonella does not affect growth or survival rate in the presence of indole under the conditions tested (results not shown).
We have previously shown that transcription of zraP and zraSR are highly up-regulated in a baeR mutant background upon addition of tungstate, and that tungstate leads to clear induction of all ESR pathways [17] . Figure 5 shows that a similar expression profile obtained for zraP in the presence of tungstate, is also obtained from RNA extracted from the baeR mutant upon indole addition, a known activating condition of BaeR [17] , with an 80-fold induction of zraP (P < 0.05, Student's t test) in this background plus indole compared with only a 30-fold induction in the isogenic parent strain. In E. coli, ZraSR regulates zraP expression [16] . In support of this, qRT-PCR analysis of zraP in a zraSR mutant background in Salmonella showed that indole induction of zraP transcription was abolished ( Figure 5 ). As anticipated, the induction of spy by indole is lost in the BaeR mutant, whereas cpxP induction by indole is similar in each of the backgrounds tested.
To investigate further the link between ZraPSR and BaeR, we confirm in Figure 6 (A) that ZraR is also up-regulated at the protein level by tungstate in the absence of BaeR, whereas qRT-PCR analysis of zraP demonstrates that overexpression of BaeR results in significant repression (P < 0.05, Student's t test) of zraP transcription ( Figure 6B ). These results confirm ZraSR as a positive regulator of zraP activity in Salmonella, and that there is a regulatory link, either direct or indirect between the ZraPSR and BaeSR systems.
ZraP regulates ZraSR activity
Characterization of Spy and CpxP has identified overlapping and distinct functions of these proteins. They are both periplasmic chaperones, whereas only CpxP has an identified regulatory role. After confirming ZraP chaperone activity and regulation of zraP by ZraSR, we wanted to ascertain whether ZraP was more functionally similar to Spy or CpxP in terms of regulatory function. The most obvious candidate for ZraP to regulate, due to genetic location ( Figure 7A ) is the two-component regulator ZraSR, in a mechanism similar to that described for CpxP and CpxAR. Figure 7(B) shows that transcription of zraR in the isogenic parent background is significantly (P < 0.001, Student's t test) induced 2-fold by the addition of indole. However, in a zraP mutant background zraR becomes de-regulated and its expression in LB medium is 12-fold higher (P < 0.001, Student's t test) than that measured in SL1344. Addition of indole to the zraP mutant causes no significant increase in zraR expression, which is indicative of ZraSR becoming signal blind and constitutively overexpressed in the absence of ZraP. Figure 7 (C) depicts the converse of Figure 7 (B), with artificial overexpression of ZraP resulting in a significant (P < 0.001, Student's t test) 2-fold repression of zraR. This clearly demonstrates that ZraP possesses a regulatory function and points to a mechanism more similar to that of CpxP than Spy.
The CpxP family are critically required for polymyxin B resistance
After demonstrating functional similarity between ZraP and the other CpxP family members, the question still remained as to the physiological role of these proteins in the cell. ZraP has been previously attributed to maintaining the cellular balance of zinc [15] . Transcriptomic analysis from other groups revealed that ZnSO 4 induces transcription of cpxP, spy and zraP in E. coli [25] , whereas the cationic antimicrobial peptide polymyxin B induces both spy and cpxP in Salmonella [26] . We tested the growth of Salmonella Typhimurium strain SL1344 harbouring mutations in any or all of cpxP, spy and zraP in the presence of 1.5 mM ZnCl 2 (results not shown) and mutations in any or all of these loci did not affect growth or survival rate.
Polymyxin B binds to the negative charge of LPS (lipopolysaccharide) and disrupts the outer membrane. Salmonella has evolved several regulatory mechanisms to resist polymyxin B and related host cationic antimicrobial peptides. We tested the ability of single, double and triple mutants of spy, cpxP and zraP to survive exposure to polymyxin B. Figure 8 shows that after 60 min exposure, each of the single mutants were significantly more sensitive to polymyxin B addition compared with WT, with survival of cpxP<zraP<spy (P < 0.05, Student's t test). The survival of double and triple mutations was extremely illuminating with the zraPspy double mutant much more sensitive to polymyxin B than the respective single mutants (P < 0.05, Student's t test), at a survival rate not significantly different to the single cpxP mutant, whereas a combination of loss of cpxP and zraP is significantly (P < 0.05, Student's t test) more sensitive to polymyxin B than the cpxP single mutant. The triple mutant displayed the most severe phenotype, with almost no viable bacteria recovered post polymyxin B exposure, and significantly (P < 0.05, Student's t test) more sensitive than the cpxPzraP double mutant. Our results indicate that, at least in the response to this polymyxin B, there is some degree of functional overlap across this family of proteins.
DISCUSSION
As a pathogen of a wide range of both warm and cold blooded animals, Salmonella enterica encounters a multitude of environmental stresses within and out with the host, which it must survive if it is to cause a successful infection. Critical components in responding to noxious agents that cause damage to the outer membrane and/or disruption to periplasmic homoeostasis, like those generated by host macrophages including reactive oxygen and nitrogen species, are the ESR pathways. The ESR of Salmonella and related bacterial species consists of at least five overlapping pathways with each of the ESR pathways linked to a role in pathogenesis (for a review see [1] ). Overlap of the Percentage of survival after 1 h exposure to 4 μg/ml polymyxin B of Salmonella Typhimurium SL1344 and single, double or triple mutants in spy, zraP and cpxP genes. *Denotes a significant difference compared with SL1344, # denotes a significant difference compared with cpxP and § denotes a significant difference compared with cpxPzraP (P < 0.05, Student's t test).
ESR pathways occurs at both the inducing signals that stimulate activity and regulon members, with the prediction that genes coregulated by more than one ESR have a more important role in envelope homoeostasis. An example of a gene co-regulated by more than one of the ESR pathways is the periplasmic protein encoding gene spy, which after investigation by a number of laboratories was recently shown to have chaperone activity in E. coli [14] . Molecular chaperones normally recognize their target substrate through an exposed region of unfolded polypeptide. Exact mechanisms have been described for how chaperones function in the cytoplasm (for a review see [27] ), particularly with the DnaK machinery as a model, whereas the mechanisms and specific targets of ATP-independent molecular chaperones in the periplasm still remain relatively poorly investigated. The best characterized of the periplasmic chaperones are those such as SurA, Skp and DegP (HtrA) (for a review see [28] ), all associated with targeting polypeptides to the BAM (β-barrel assembly machinery), which is required for outer membrane biogenesis and TTS (type three secretion) in Salmonella [29] . We were intrigued by the described periplasmic chaperone activity of Spy, combined with its coregulation by at least CpxR and BaeR, as loss of spy in Salmonella had no significant phenotype when screened on the BioLog phenotype microarrays, which tests ∼ 2000 different conditions (results not shown). Mutation of dnaK, however, results in severe temperature sensitivity and sensitivity towards exogenous stress such as H 2 O 2 [30] . With this in mind and with the observation that ZraP, another periplasmic protein with weak sequence homology with Spy and CpxP, was present in the protein database, we sought to characterize the role of ZraP in periplasmic homoeostasis. We hypothesized that a degree of functional overlap existed between members of this small family of proteins, indicative of an important role they play in periplasmic homoeostasis of proteobacteria, which was missing from current genetic analyses.
Using a light scattering assay to determine aggregation of thermally denatured MDH, we observed that addition of purified ZraP to the solution suppressed aggregation, at a level comparable with purified Spy, which, as indicated above, has established chaperone activity. The chaperone activity of ZraP is catalytic as aggregation is suppressed at sub-stoichiometric ratios and this activity is also ATP-independent. As ZraP had initially been assigned a role in cellular zinc homoeostasis, zinc was added to the solution to assess enzyme activity. Our observations would support the requirement of zinc for optimal chaperone activity of ZraP with sedimentation equilibrium results indicating that stabilization of high-order ZraP structures also requires zinc, although it remains to be investigated whether the oligomeric structure is itself required for chaperone activity, or indeed the regulatory role discussed below. It is worth noting, however, that a zraP mutant is not more sensitive to the addition or removal of zinc to the growth medium than its WT counterpart. Indeed a single mutant in zraP, similar to our experience with a spy single mutant, is not more sensitive to a range of ESR conditions we tested, including high temperature, high osmolality and the presence of detergents (results not shown), except for the addition of polymyxin B. This observation led us to analyse the survival of each of the single, double and triple CpxP family member mutants in our collection for survival in the presence of polymyxin B. Each of the single mutants themselves are significantly more sensitive to polymyxin B than the isogenic parent strain, with the most dramatic difference observed with deletion of cpxP and the least effect observed with loss of spy. However, certain combinations of mutants in spy, cpxP and zraP were significantly more sensitive than the single mutants, with the zraPcpxP double mutant and the triple mutant significantly more sensitive to polymyxin B than the single cpxP mutant, and the spycpxP double mutant only just failing to pass statistical significance. Our phenotypic data indicate an overlapping requirement of Salmonella for the CpxP family members, at least under this specific condition, and suggests the combined importance of this family in maintaining envelope homoeostasis.
The regulatory activity of CpxP has been well studied; it acts as a repressor of CpxA auto-phosphorylation activity [3] . Despite Spy sharing structural similarities with CpxP, no regulatory activity has yet been shown for this protein; this may be because unlike cpxP, spy has no regulatory candidate in close proximity and, consequently, the search for a regulatory partner is more problematic. The zraSR locus is next to zraP on the chromosome and is transcribed in the opposite direction, making zraSR the most obvious target to be regulated by ZraP. We show in this paper that the expression of zraR is deregulated when ZraP is not present and that artificial overexpression of ZraP down-regulates zraR expression, suggesting that this periplasmic chaperone can also act as a repressor of the ZraSR two-component system. We also provide further evidence to support regulatory cross-talk between the ZraPSR and BaeSR systems. Loss of BaeR leads to induction of ZraPSR, whereas overexpression of BaeR represses ZraPSR. Intriguingly a recent study that models the dynamics of the transcriptional response of E. coli to zinc addition [31] , describes repression of baeR and we propose that this will be due to up-regulation of the zinc-responsive ZraPSR.
Although the last to be functionally characterized, we suggest that under certain stress conditions or environments, ZraP is likely to be very important for maintaining periplasmic homoeostasis. First, as shown by the qRT-PCR and microarray analysis [17] , induction of zraP in the presence of indole and tungstate was much higher than observed for cpxP and spy. Furthermore, ZraP seems to have acquired all activities of its protein family, indeed, CpxP has only weak chaperone activity but has periplasmic regulatory activity, Spy has no known regulatory activity but is a strong periplasmic chaperone. ZraP, however, has strong chaperone activity, comparable with, if not better than, Spy, and also has periplasmic regulatory activity through repressing zraSR. The periplasmic substrates of ZraP are yet to be identified and will form part of further biophysical and biochemical analyses of ZraP. Indeed whether ZraP substrates are specific proteins or exposed hydrophobic patches in generally misfolded or damaged proteins remains to be resolved.
In conclusion, the results of the present study point to functional overlap across the CpxP family in maintaining envelope homoeostasis. Structure-function analyses are warranted to identify physiological targets of these chaperones and the mechanisms involved, and elucidate whether the conserved domains of these proteins make possible targets for novel antimicrobials. Using our triple mutant the role of the CpxP family in pathogenesis also requires elucidation on the basis of the sensitivity profile to polymyxin B. We also propose that ZraPSR contributes to the ESR of Salmonella and related enteric bacteria and the ZrasR regulon of Salmonella needs to be investigated further. In support of this, after identifying that expression of Salmonella zraSR is up-regulated during infection of pigs, zraSR was also shown to be up-regulated by other common inducers of the ESR, including temperature and osmolarity shock [32] .
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